In pycnoclines, the density differences can cause light scattering -schlieren -even though only few particulate scatterers may be present. This may pose problems for the interpretation of results obtained with instruments relying on light scattering and transmission, for example the LISST (Laser In Situ Scattering and Transmissometry) particle sizer, and various cameras. Here, the influence of schlieren on in situ forward light scattering, beam attenuation and image analysis is evaluated using a LISST-100 and a digital floc camera. Automated image analysis routines detect schlieren as particles, causing an apparent increase in particle size and volume. Re-analysis omitting schlieren-affected parts of the images reveals no increase. LISST beam attenuation and Volume Scattering Function (VSF) measurements indicate that schlieren can cause increases in beam attenuation due to a marked increase in the VSF at angles smaller than ~1.5°-2°, and falsely indicate accumulation of suspended particles in the pycnocline. Light scattering caused by density differences can also cause multiple scattering, which produces an apparent decrease in particle size derived from the LISST. Schlieren is visible in images when the buoyancy frequency exceeds ~0.12 s -1
For decades, optical instruments measuring light scattering and/or light transmission in situ have been used to derive information about the nature of the underwater light field (Beardsley Jr. et al. 1970; Jerlov 1976; Voss 1992; Bogucki et al. 2004; Piskozub et al. 2004; Agrawal 2005; Bogucki and Domaradzki 2005) , suspended particle size and concentration (Jones and Wills 1956; Spinrad et al. 1983; Bale and Morris 1987; Agrawal and Traykovski 2001; Boss et al. 2001a,b; Fugate and Friedrichs 2003; Ellis et al. 2004) , suspended particulate matter dynamics (Pak 1983 ; Thorpe and White 1988; McPheeShaw et al. 2004) , and to classify water masses (Jerlov 1976; McKee et al. 1999) . Correct interpretations of the data collected by these instruments rely on knowledge of their behavior through a range of conditions that may exist in the waters being studied. For example, it is known that high concentrations of suspended sediment can cause multiple scattering of light, which causes laser particle sizers such as the LISST series of instruments (Agrawal and Pottsmith 2000) to underestimate the true in situ particle size. Styles (2006) imposed a turbulent density gradient in completely particle-free water and observed a decrease (increase) in . This is because
The influence of schlieren on in situ optical measurements used for particle characterization . All instruments measuring light scattering can potentially be affected by density differences, and results obtained in waters where buoyancy frequencies exceeds 0.025 s -1 should be interpreted carefully.
*E-mail: ole.mikkelsen@sequoiasci.com the density gradients have varying refractive indices, thereby causing light scattering. Furthermore, Styles (2006) found that the LISST detected the scattering from the small-scale refractive index changes caused by the density gradient as particles > 100 μm, corresponding to scattering between 0.05°and 0.25°for the LISST-100C (LISST-100 user's guide). Williams (1974) used this principle to take pictures of optical inhomogeneities created by salinity and temperature microstructures in the ocean. Such optical inhomogeinities are known as schlieren and are akin to the light distortion caused by heat rising from a hot pavement. More recently, Karpen et al. (2004 Karpen et al. ( , 2006 used video imaging of schlieren to investigate ground water seepage in the bottom boundary layer. An overview of schlieren-imaging techniques is given by Settles (2001) . Styles (2006) reported only on the impact of density differences on a LISST-100. However, other types of beam transmissometers as well as (digital) floc cameras are frequently used in optical studies and in studies concerned with sediment dynamics (Bartz et al. 1978; Milligan 1996; Mikkelsen et al. 2004 ). This paper sets out to elaborate on the pioneering work of Styles (2006) by investigating the impact of density gradients on the results obtained by a digital floc camera (DFC), a LISST-100C, and a SeaTech beam transmissometer in two different water bodies: a highly stratified estuary with buoyancy frequencies around 0.20 s -1 and a less stratified shelf sea with buoyancy frequencies around 0.02 s -1
. By deploying a digital camera together with a LISST, it was possible to derive the actual in situ particle size and volume concentration and compare them with the results obtained from the LISST. By comparing the beam attenuation and VSF from the LISST with the beam attenuation of another transmissometer with a larger acceptance angle, it was possible to evaluate the impact of the acceptance angle on beam transmission and thus the beam attenuation coefficient in waters where density differences may be an issue. It should be realized that while small-scale changes in refractive index are always present due to the ubiquitous presence of turbulence in the marine environment, their effect on near-forward light scattering is only problematic-in the sense that it affects optical measurements related to particle dynamics-if they cause light to scatter outside the acceptance angle. For completeness, it has been shown that the effect on light scattering from the boundary layer developing in front of the lenses of optical instruments is negligible (Bogucki et al. 2004; Bogucki and Domaradzki 2005) 
Materials and procedures
Study sites and methods-Measurements derive from two different sites: One in the Hudson River, NJ, USA, and another in Cardigan Bay in the Irish Sea, UK (Fig. 1) . The Hudson River site was in ~9 m of water just south of the George Washington Bridge and was occupied for 90 min on 18 April 2002 (spring tide). The Cardigan Bay site was in ~22 m of water and was occupied for 2 full tidal cycles (25 h) from 18-19 January 2006 (neap tide). At both sites, beam attenuation and in situ particle volume distribution were measured in a number of vertical profiles. Table 1 lists the acceptance angles, optical path lengths, measurement frequency, and profiling speeds for the different types of instruments used. In the Hudson River, volume distribution was measured with a DALSA DFC (Mikkelsen et al. 2004 ) and a LISST-100C in situ laser particle sizer (Agrawal and Pottsmith 2000) , which also measured beam attenuation, c. Both instruments were tied together and lowered simultaneously in a profiling mode. A conductivity-temperature-depth (CTD) cast was performed immediately after the cast with the LISST/DFC package. Four profiles were measured at the Hudson River station. Only profiles 2 and 3 are considered here because profiles 1 and 4 resembled profiles 2 and 3, respectively.
No DFC was available for the work in Cardigan Bay, but a LISST-100C was mounted on the research vessel's CTD frame and turned on manually prior to each CTD cast. A cast was performed every hour, yielding 26 profiles of in situ volume distribution and beam attenuation. Beam attenuation was also measured by a SeaTech transmissometer on the CTD. Upon offloading all data were bin-averaged into 1 m depth bins.
Instruments and data reduction-The LISST-100C uses smallangle forward laser light scattering to retrieve the in situ volume distribution of the suspended particles. The forward diffraction pattern arising from scattering off particles is related to particle size as the peak of the scattered energy from particles occurs at a large angle for scattering from a small particle and at a smaller angle for scattering from a larger particle (Agrawal and Pottsmith 2000) . The diffraction pattern is detected by a ring detector measuring the intensity of the scattered light in 32 angle intervals from 0.05°to 10°, and subsequently deattenuated and inverted to yield the VSF as well as the distribution of particle volume in 32 logarithmically spaced size bins ranging from 2.5 µm to 500 µm (Agrawal and Pottsmith 2000; Agrawal 2005) . It has been shown that the shape of the in situ particle volume distributions obtained with LISST instruments closely matches those obtained simultaneously with DFCs (Mikkelsen et al. 2005 (Mikkelsen et al. , 2007 Curran et al. 2007) .
The DFC takes gray-scale still pictures of the suspended particles by means of silhouette photography whereby the particles are illuminated from behind using a LED strobe flash. The aperture setting is f/8 and the shutter speed is 1/60 s. The LED strobe flash delivers a flash pulse of 20 µs duration when the shutter is fully open and the CCD is read at the peak of the flash intensity. It is necessary to read the CCD in the few microseconds when the strobe flash is peaking to ensure that particles do not become blurred due to movement within the field-of-view (FOV) from the profiling motions camera and/or currents. Particles appear dark on a bright background. The FOV is a 4×4×2.5 cm slab of water, and the DFC is focused on the middle part of the slab. The aperture setting combined with the 20 µs strobe flash ensures that all particles in the FOV are in focus and that the particles in an image are 'frozen' and not blurry due to particle movement. The pixel size of the camera is 45 µm. Nine coherent pixels were chosen as the minimum number of pixels to define a particle in an image, meaning that the diameter of the smallest resolvable particle was approximately 135 μm.
DFC images were analyzed in two different ways using the MATLAB Image Processing Toolbox. The first analysis was an objective analysis where, for all images, an area-of-interest (AOI) covering ~90% of the image was selected and all particles within the AOI were discriminated from the background using an automatic threshold selection algorithm (Otsu 1979) . A binarized image of the AOI was then produced and the area of each particle in the AOI computed. Particle volumes and equivalent spherical diameters were subsequently computed under the assumption that the particles were spheres and binned into 26 logarithmically increasing size bins ranging from 133 to 9900 μm. The second analysis was a subjective analysis where a user-specified AOI was chosen for each image. The threshold was then manually and subjectively changed by the analyst in an iterative process until the particles in the binarized image resembled the particles visible within the AOI of the original image. Particle volumes and equivalent spherical diameters were computed and binned. For both instruments, the in situ median particle size (D 50 ) and total volume concentration (VC) was then computed from the binned in situ volume distribution (cf. Mikkelsen et al. 2005) . It should be noted that even though D 50 and VC are both computed from the volume distribution, they are independent of each other. This is because D 50 is related only to the shape of the volume distribution and is independent of the absolute magnitude of the total volume in the size bins. Conversely, the VC is dependent only on the absolute magnitude of the total volume in the size bins and is independent of the shape of the volume distribution.
To calibrate the CTD's fluorometer, water samples were obtained at various depths and filtered through GF/F filters. The filters were extracted in 90% acetone for 24 h and the fluorescence signal of the extract measured using a Turner bench top fluorometer. The extract was acidified with 10% HCl and measured again to determine the contribution from phaeopigment fluorescence. Chlorophyll a (Chl a) concentrations were subsequently determined using appropriate instrument calibrations. A linear least-squares regression between fluorometer ) of 0.84 (n = 66). Finally, from the CTD casts the buoyancy frequency, N, was computed as (1) where g is the gravitational acceleration, ρ 0 is the average density during the period the station was occupied, and ∂ρ/∂z is the vertical density gradient.
Assessment
Hudson River- Figure 2 shows temperature, salinity, and N, in profiles 2 and 3. A strong pycnocline due to increasing salinity and decreasing temperature down-profile was present. N reached a maximum value of 0.22 to 0.24 s -1 at a depth of 4.1 to 4.7 m. . In the pycnocline, where entrainment and mixing of the fresher surface water and the saltier bottom water takes place, the resulting schlieren pattern was observed to obscure the images (Fig. 3b) . This compromised the objective image analysis, which detected the schlieren pattern as particles. The subjective approach allowed for positioning the AOI in a region unaffected by schlieren (Fig. 3b) , yielding a D 50 of 177 μm compared to a D 50 of 2800 μm for the objective approach. The VC determined from the subjectively chosen AOI was 110 mm 3 L -1
, whereas it was 6720 mm 3 L -1 if the image was analyzed objectively. , and no schlieren at 7.1 m, well below the pycnocline. Table 2 summarize the effects of schlieren on the DFC image analysis from profiles 2 and 3. D 50 and VC from the objective image analysis increase in the pycnocline when schlieren appear in the images and then decrease when schlieren is no longer visible. The subjective image analysis approach, with which the schlieren region could be excluded from the image analysis, reveals that the particles in the schlieren layer in fact had the same D 50 and VC as the particles above and below the layer. The objective image analysis interprets the schlieren in the pycnocline as large particles resulting in an increase in particle size and volume in the pycno- cline but the subjective analysis reveals that no increase in size or volume actually occurred (Table 2) . Figure 5a ,b shows the variation with depth of the shape of the VSF as measured with the LISST-100C in profiles 2 and 3. The shape of the VSF above and below the pycnocline appears similar, with the VSF below the pycnocline simply being displaced toward higher values. Figure 5c ,d shows the ratio of the VSF in the pycnocline to the VSF above and below the pycnocline. The ratio of the VSF below the pycnocline to the VSF above the pycnocline is largely constant at all angles, indicating that the shape of the VSF above and below the pycnocline is generally the same. However, it appears that the shape of the VSF within the pycnocline differs from the VSF above and below by increased scattering at angles below ~2°. Figure 6 shows the response of the LISST-100C to schlieren. D 50 showed a decrease in the pycnocline in profile 2 (Fig. 6a) but otherwise a trend toward increasing D 50 at the bottom. D 50 fell to 0 in the pycnocline in profile 3 (Fig. 6d) and showed no general vertical trend. LISST c and VC generally increased slightly toward the bed in both profiles (Fig. 6b,c ,e,f) except in the pycnocline in profile 3 where c and VC both fell to 0 (Fig. 6e,f) .
Cardigan Bay-The data from the CTD casts in Cardigan Bay were binned into 1-m wide depth bins to facilitate plotting. The temporal variation of salinity during the 25 h tidal station in Cardigan Bay 18-19 January 2006 is shown in Fig. 7 . A lens of fresher surface water was advected past the station with the tide, causing the salinity difference between the water above and below the pycnocline to vary up to 1. The depth of the pycnocline, defined as the depth of maximum N varied between 5 and 10 m. N varied between 0.016 and 0.046 s -1 , an order of magnitude less than in the Hudson River. The temporal variation in D 50 and VC both showed maxima in the pycnocline during the periods when the salinity difference was at a maximum (Fig. 8) . In the pycnocline c from the LISST occasionally increased whereas c from the SeaTech showed no variation (Fig. 9) . The VSFs associated with the increased values of c in the pycnocline showed increased scattering at angles less than ~0.3-0.4°when compared with the VSFs within the pycnocline that were not associated with increased values of c. This is evident from the change in shape of the VSF at these angles ( Fig. 10a-c) , as well as from the rapidly increasing ratio between the two average VSF (Fig. 10d) .
Discussion
Hudson River-The DFC results from the Hudson River demonstrated that schlieren in the pycnocline was detected as particles by the image-processing software and caused D 50 and VC to increase. By subjectively selecting an AOI not covering the parts of the images affected by schlieren, this could be avoided, demonstrating no increase in D 50 and VC in the pycnocline (Fig. 4) . Table 2 summarizes the differences between D 50 and VC derived above, in, and below the pycnocline using the objective and subjective image analysis approach. In the pycnocline D 50 and VC derived from the objective image analysis of the DFC were greatly exaggerated by schlieren patterns.
The shape of the VSF measured by the LISST within the pycnocline convincingly demonstrates that scattering here was greatly increased at angles smaller than ~2°when compared with the shape of the VSF above and below the pycnocline (Fig. 5) . In turbid water, the shape of the VSF is controlled by changes in particle size (Agrawal 2005) . As the DFC results demonstrated no change in D 50 , the VSF should have had a constant shape throughout the profiles and the ratio between the VSFs should have been constant. Consequently, the fact that the ratio of the VSF within the pycnocline to the VSF above and below of the pycnocline is only constant at angles larger than ~2°shows that the effect of schlieren was to increase the scattering at angles smaller than ~2°.
Mikkelsen et al.
Schlieren and optical measurements 138 The LISST D 50 in profile 2 showed a decrease in the pycnocline (Fig. 6a) . This is coincident with c values of 30-45 m -1 , corresponding to a beam transmission of 14% to 22%. Such low transmission values can be due to bubbles (Piskozub et al. 2004 ). However, as no bubbles were observed in the DFC images, it is unlikely that bubbles influenced the measurements. The low transmission values can also result from multiple scattering whereby the laser beam scatters more than once prior to being detected by the ring detectors. Each scattering event increases the angle at which the light is being scattered and thus causes an apparent decrease in particle size. To illustrate this, consider that scattering from a particle with a diameter of 460 μm arrives at the LISST-100C detector plane at an angle of 0.05°. If the light scattered from the particle was scattered again prior to arrival at the detector plane, so that it arrived at an angle of, say, 0.1°, this would correspond to a particle size of 240 μm (LISST-100 user's guide). Consequently, in this particular case, a 460 μm particle would be detected as a 240 μm particle, and D 50 would decrease. The DFC D 50 from profile 2 demonstrated that there was no decrease in D 50 in this profile, so the decrease observed by the LISST is most likely a multiple scattering effect caused by schlieren. In profile 3, LISST D 50 , VC, and c frequently fell to 0 in the pycnocline (Fig. 6d-f) . Since the DFC VC demonstrated that there was no increase in VC in the pycnocline, the most likely explanation for this observation is that the density differences caused the laser beam to scatter completely outside the acceptance angle so that no light at all was transmitted. Theoretically, c should go toward infinity as transmission goes toward zero; however, in practice a transmission of zero is converted to a c of zero in the software used for processing the LISST data. Without the DFC data, this apparent extinction of the laser beam could have been interpreted as an increase in suspended particle concentration in the pycnocline.
It should be noted that the buoyancy frequency is not necessarily related to changes in the refractive index. The buoyancy 50 and VC in the pycnocline during periods when fresher surface water was being advected past the site (cf. Fig. 7) . frequency is a measure of the vertical density gradient and vertical mixing is necessary to create small-scale changes in the refractive index. If turbulence was completely absent, it would be possible to establish a density gradient without changes in refractive index because of lack of vertical mixing. However, in natural flows mixing is always present, and the lowering of instruments through a density gradient creates additional turbulence and mixing. It is the turbulent mixing superimposed on the density gradient that causes the small-scale changes in refractive index that leads to schlieren. In the Hudson River, the profiling speed was only 0.14 m s -1 (Table 1) , which is close to the practical lower limit, so it may be assumed that the schlieren effect was minimized. Faster profiling would provide stronger mixing and an even more pronounced schlieren effect. Consequently, the schlieren effect is a combination of the density gradient, the shear in the pycnocline, and the profiling speed of the instruments.
Cardigan Bay- Figure 8 shows that LISST D 50 and VC increased at the pycnocline, suggesting particle aggregation and accumulation around the pycnocline. The largest values of VC were concurrent with maximum N, which suggests that the density differences could have caused an apparent increase in VC. Figure 9 demonstrates increased variability in c from the LISST in the pycnocline whereas c from the SeaTech transmissometer showed no increase. The fact that the SeaTech transmissometer did not record increased attenuation at the level of the pycnocline can be explained by the fact that the beam acceptance angle of the Sea-Tech is larger (~1°) than that of the LISST-100C (0.05°). This means that light scattered at angles between 0.05°and 1°will scatter outside the acceptance angle of the LISST, thereby increasing LISST c, but inside the acceptance angle of the SeaTech, leaving SeaTech c unaffected. The VSF demonstrates that scattering was indeed increased at angles smaller than ~ 0.3°-0.4°for the LISST measurements showing increased values of c (Fig. 10) . The increased scattering at these small angles would cause an increase in c from the LISST, but not the SeaTech. The fact that only c from the LISST showed variability in the pycnocline suggests that the salinity differences caused schlieren and scattering, thereby increasing c. To investigate the impact of the increased small-angle scattering on the LISST VC, all LISST measurements with increased c in the pycnocline were removed and the temporal variability in D 50 and VC re-plotted after recomputing the 1 m-bin averages (Fig. 11 ). It appears from Fig. 11 that the D 50 maxima and its temporal variability is largely unaffected by this removal, suggesting that the D 50 maxima is real, probably related to ongoing flocculation in the pycnocline (Gentien et al. 1995) . However, the temporal variability and magnitude of the VC maximum in the pycnocline are reduced, with VC falling from ~150 mm 3 L -1 tõ 50 mm 3 L -1
, essentially the same values as for the VC above and below the pycnocline. Apparently, no increase in particle volume occurred in the pycnocline. These observations are in line with the results of Styles (2006) who demonstrated that salinity differences of ~2 could cause a decrease in LISST transmission values from ~90% to ~15% in completely particle-free water. Such a transmission drop corresponds to an increase in c from 2 to 38 m . This suggests that salinity differences as small as 1 and, in this case, corresponding to N values larger than ~0.02 s -1 can cause schlieren and associated artificial decrease (increase) in beam transmission (attenuation) as well as an increase in particle volume. For example, Sanford and North (2006 pers. comm. ) were unable to model particle volume concentrations in the pycnocline of the Chesapeake Bay turbidity maximum where LISST-100 validation data suggested increased particle volume concentrations. The data presented here suggest that their data were affected by schlieren. Similarly, Fugate and Friedrichs (2003) deployed a LISST-100 in the Elizabeth River in the Chesapeake Bay estu- ary and observed large particles migrating in concert with the tidally migrating pycnocline. It is worth noting that Fugate and Friedrichs reported results from a total of three rivers and did not observe large particles in the pycnocline in the two other rivers. However, the suspended matter concentration in the Elizabeth River varied from 0-30 mg L -1 , which was roughly 20% of the concentration in the other rivers. It seems reasonable to suggest that for a given buoyancy frequency, the contribution of suspended matter to the total scattering observed by the LISST will increase as suspended matter concentration increases and, consequently, the observed scattering pattern (and derived particle size and volume) will be less and less affected by schlieren as concentration increases.
It should be realized that accumulation/aggregation of organic and inorganic particulate matter in the pycnocline can cause an increase in beam attenuation and particle size similar to the one observed here, as has been observed by Gentien et al. (1995) , for example. However, a plot of the 26 Chl a profiles demonstrates a general decrease in Chl a concentration at a depth between 3 and 10 mbs with a minimum at the base of the pycnocline, and no scatter of Chl a in the pycnocline (Fig. 12) . Furthermore, a linear least-squares regression between LISST D 50 and Chl a in the pycnocline yields an R 2 of 0.09 (n = 26), while a regression between LISST VC and Chl a yields an R 2 of 0.04 (n = 26; data not shown). It thus seems reasonable to assume that the increase in c, VC, and D 50 in the pycnocline was not related to aggregated phytoplankton.
Comments and recommendations
The cause of light scattering in schlieren regions is the density differences, as the refractive index of water at a constant wavelength is a function of water density. The density differences are imposed on the mean density gradient by turbulence and, in the absence of turbulence, no scattering would occur as there would be no mixing. However, in natural flows turbulence will always be present and, in addition, the profiling motions of the instruments themselves create turbulence. Because the profiling speed of a particular instrument is very often the same, the instrument-induced turbulence thus generated would be the same between deployments and its contribution to the mixing would be constant. With this assumption the value of N can be used as a rough measure of the refractive index discontinuities from turbulence, and the absolute values of N where excess scattering occurs can help determine the anticipated occurrence of density difference induced scattering in general. Values of N in the Hudson River were around 0.22 s -1 s -1 in stratified estuaries as shown here. This means that schlieren can potentially occur in the seasonal thermocline of shelf seas and lakes and almost certainly in stratified estuaries and coastal regions affected by fresh water outflow, ROFIs (regions of freshwater influence). For beam attenuation measurements with small acceptance angle transmissometers regions affected by schlieren may be detected by increased variability in c, caused by increased forward scattering as documented by the changes in the VSF (cf. Figs. 5, 9, 10). It must be acknowledged, however, that such an increased variability in c could also be due to suspended particulate matter. The only way to conclusively determine the cause of increased variability in c may be from actual measurements of suspended matter concentration from filtered water samples or visual confirmation of schlieren from in situ imagery. Increasing values of c can be avoided by using beam transmissometers with acceptance angles so large that the density gradient induced scattering occurs within the acceptance angle. The LISST VSF data from Hudson River indicates that the acceptance angle would have to be around 1.5°to avoid loss from the density gradient induced scattering (Fig. 5) , whereas in Cardigan Bay, the acceptance angle would have to be around 0.4° (Fig. 10) . However, this approach would exclude the possibility of using the scattered light to measure in situ particle sizes (e.g, with a LISST), as these instruments use the scattering pattern down to 0.03°to retrieve the size distribution by inversion.
In this paper, only the influence of schlieren on c, VC, VSF, and D 50 has been considered. However, other optical proper- ties may be affected by schlieren in the same way as the beam attenuation coefficient. The influence of schlieren on optical properties deserves further attention. Observations relying solely on light scattering or attenuation for determination of suspended sediment concentrations may falsely conclude an increased mass or volume of suspended sediment in pycnoclines due to increased c in these regions. This can be of consequence for purely observational studies as well as for model validation studies. The consequences for correct retrieval of D 50 and VC in schlieren regions need not be severe, as the affected measurements can be detected either by changes in the VSF or strongly increased values of c and subsequently be removed from the dataset (cf. Figs. 5, 8, [9] [10] [11] . In the case of image analysis, AOIs excluding schlieren can be analyzed and the results will thus not be biased by schlieren.
